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Abstract
24
Previous studies evaluating the role of the androgen receptor (AR) for bone mass have 25 used mouse models with global or tissue-specific lifelong inactivation of the AR. 26 However, these mouse models have the AR inactivated already early in life and the 27 relative roles of the AR during development, sexual maturation and in adult mice 28 cannot be evaluated separately. The aim of the present study was to determine the 29 specific roles of the AR in bone during sexual maturation and in adult mice. 30 The AR was conditionally ablated at four (pre-pubertal) or ten (post-pubertal) weeks 31 of age in male mice using tamoxifen-inducible Cre-mediated recombination. In conclusion, the AR is required for maintenance of both trabecular and cortical bone 43 in adult male mice while AR expression during puberty is crucial for normal fat mass 44 homeostasis in adult male mice. 
Introduction
46
Androgens are crucial for male bone health (6, 11, 15, 17, 24, 30) . Although a substantial part 47 M A N U S C R I P T
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6 in a 4-µm-thick section stained in Masson-Goldner's Trichrome and dynamic parameters in an 127 unstained 8-µm-thick section. All parameters were analyzed using OsteoMeasure 128 histomorphometry system (OsteoMetrics, Atlanta, GA, USA), following the guidelines of the 129 American Society for Bone and Mineral Research (9) . 130 131
Biomechanical strength analyses 132
Humerus was loaded by three-point bending test (span length 5.5 mm). Loading speed for 133 humerus was 0.155 mm/s with a mechanical testing machine (Instron 3366, Instron, Norwood, 134 MA, USA). Based on the computer recorded load deformation raw data curves, produced by 135
Bluehill 2 software v2.6 (Instron), the results were calculated with custom-made Excel 136 macros. 137 138
Serum analyses 139
Blood samples were allowed to clot and were then centrifuged (10000 × g, 10 min, 4 ºC). 140
Serum levels of testosterone (T), dihydrotestosterone (DHT) and estradiol were measured in a 141 single run by GC-MS/MS (22). 142
As a marker of bone resorption, serum levels of C-terminal type I collagen (CTX) fragments 143
were assessed using an ELISA RatLaps kit (Immunodiagnostic Systems, Tyne and Wear, 144 UK) according to the manufacturer's instructions. Serum levels of osteocalcin (OCN), a 145 marker of bone formation, were determined with a mouse osteocalcin immunosorbent assay 146 kit (Immutopics, Athens, USA). Serum leptin levels were analyzed using a mouse leptin 147 ELISA kit (Crystal Chem, Zaandam, Netherlands) followed the assay protocol from the 148 manufacture. 149 150
Quantitative Real-Time PCR Analysis 151
Total mRNA was prepared from the tibia shaft (cortical bone) and the vertebral body of 152 vertebrae L 6 (enriched in trabecular bone), using TRIzol reagent (Life Technologies, Carlsbad, 153 USA) followed by the RNeasy Mini Kit (Qiagen, Hilden, Germany). Total mRNA from 154 M A N U S C R I P T
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7 seminal vesicle and gonadal fat was prepared using the RNeasy Mini Kit (Qiagen). The 155 mRNA was reverse transcribed into cDNA, and real-time PCR analysis was performed on the 156
StepOnePlus Real-Time PCR system (Applied Biosystems, Carlsbad, USA) using 157 predesigned real-time PCR assay for AR (Mm00442688_m1), Cathepsin K 158 (Mm00484036_m1), Collagen 1 alpha 1 (Col1a1; Mm00801666_g1), 5α-reductase type 1 159 (Srd5a1; Mm00614213_m1), and 5α-reductase type 2 (Srd5a2; Mm01237407_m1). The 160 mRNA levels were adjusted for the expression of 18S (Catalog No. 43010893E) using 161 predesigned qPCR assays. 162 163
Statistical Analyses 164
Values are given as mean ± SEM. The statistical differences between inducible ARKO and 165 control mice were calculated using Student's t test. A difference was considered statistically 166 significant with p<0.05. When planning the animal breeding we aimed for 10 mice in each 167 animal group. A study using 10 mice in each group will have 80% statistical power (p<0.05) 168 to identify 1.33 SD difference in a continuous normally distributed parameter.
Results
170
Induction of Androgen Receptor Inactivation in Inducible ARKO Mice 171
To determine the role of the AR mainly for bone metabolism but also for some other major 172 putative androgen responsive parameters in male mice and avoid confounding developmental 173 effects, we inactivated the AR either before sexual maturation (at 4 weeks of age; pre-pubertal 174 AR inactivation) or after sexual maturation (at 10 weeks of age; post-pubertal AR inactivation) 175 and all mice were analyzed at 14 weeks of age. The efficiency of AR-inactivation was 176 evaluated in some major AR-responsive tissues, including seminal vesicle (Fig 1B) , cortical 177 bone (Fig 1C) , vertebral body enriched in trabecular bone ( Fig 1D) and white adipose tissue 178 (Fig 1E) . For all these tissues, the efficiency of the AR inactivation was high both by pre-179 pubertal and post-pubertal AR inactivation, demonstrated by substantially reduced AR mRNA 180 levels in inducible ARKO mice compared with control mice (Fig 1B-E) . The reductions of 181 AR mRNA levels in cortical bone (pre-pubertal -91.4±1.2%, post-pubertal -63.6±4.4%; 182 p<0.05) and trabecular bone (pre-pubertal -92.7±0.9%, post-pubertal -76.1±3.4%; p<0.05) but 183 not in adipose tissue (pre-pubertal -75.9±10.8%, post-pubertal -74.6±2.2%; non-significant) 184 compared with respectively control mice were slightly more pronounced for the mice with 185 pre-pubertal AR inactivation compared with the mice with post-pubertal AR inactivation. The 186 weights of the two reproductive tissues seminal vesicle ( Fig 1F) and muscle levator ani (Fig 187 1G) were reduced both by pre-pubertal and post-pubertal AR-inactivation. Neither the body 188 weight nor the lengths of the long bones were affected by inducible AR inactivation (Table 1) . 189
190
Serum testosterone levels were not affected by post-pubertal AR inactivation while pre-191 pubertal AR inactivation resulted in increased serum testosterone levels (Fig 2A) . 192
Interestingly, both pre-pubertal and post-pubertal AR inactivation increased serum 193 dihydrotestosterone (DHT) levels (Fig 2B) , resulting in significantly increased serum 194 DHT/testosterone ratios (Fig 2C) . 5α-reductase type 2, encoded by Srd5a2, is the main 195 enzyme converting testosterone into DHT in reproductive tissues in males. Srd5a2 mRNAM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 9 levels were significantly increased in seminal vesicles of inducible ARKO mice compared 197 with control mice (Fig 2D) , demonstrating that the synthesis of the potent androgen DHT by 198 5α-reductase type 2 is subjected to a local negative feed-back regulation mediated by the AR. 199
Not only Srd5a2 but also Srd5a1, coding for 5α-reductase type 1, mRNA levels were also 200 increased by inducible AR inactivation (Fig 2E) . Since the seminal vesicle was only available 201 in one of the pre-pubertal AR inactivation mice, mRNA analyses in seminal vesicle can only 202 be performed in post-pubertal mice. Serum estradiol levels of these male mice were below the 203 limit of quantification (0.5 pg/ml) of the sensitive GC-MS/MS assay used. (Fig 3A) . 210
Since the DXA technique cannot distinguish between the cortical and the trabecular bone 211 compartments, detailed analyses using µCT were performed on tibia. Both mid-diaphyseal 212 cortical area (Fig 3B) and cortical thickness (Fig 3C) in tibia were significantly decreased by 213 both pre-pubertal and post-pubertal AR inactivation. In contrast, cortical porosity and 214 periosteal circumferences were not influenced by inducible AR inactivation ( Fig 3D, Table 2 ). 215 Trabecular bone volume fraction (BV/TV) in the proximal metaphyseal region of the tibia 216 was significantly reduced by both pre-pubertal (-49.2±2.8%, p<0.001) and post-pubertal (-217 23.7±8.0%, p<0.05) AR inactivation (Fig 3E) . The reduced trabecular BV/TV was mainly 218
caused by decreased trabecular number after both pre-pubertal and post-pubertal AR 219 inactivation ( Fig 3F) . Pre-pubertal but not post-pubertal AR inactivation decreased trabecular 220 thickness significantly (Fig 3G) . Static histomorphometry of the trabecular bone in the 221 proximal metaphyseal area of tibia further confirmed that both pre-pubertal (-50.8±5.3%, 222 p<0.01) and post-pubertal (-24.1±3.9%, p<0.05) AR inactivation reduced trabecular bone 223 volume fraction when comparing inducible ARKO mice with control mice (Table 2) .
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Mechanical strength of humerus were evaluated using three-point bending test, revealing that 225 pre-pubertal but not post-pubertal AR inactivation significantly reduced maximum load at 226 failure when comparing inducible ARKO mice with control mice (Fig 3H) . 227 228
Inducible Androgen Receptor Inactivation is Associated with Increased Bone 229
Turnover 230 In order to evaluate the role of inducible AR inactivation on bone turnover, serum markers of 231 bone resorption and bone formation were analyzed. Serum levels of the bone resorption 232 marker C-terminal type I collagen fragments (CTX) were substantially increased by both pre-233 pubertal (+81±10%, p<0.01) and post-pubertal (+36±9%, p<0.01) AR inactivation when 234 comparing inducible ARKO mice with control mice (Fig 4A) . Serum levels of the bone 235 formation marker osteocalcin were significantly increased by pre-pubertal but not by post-236 pubertal AR inactivation ( Fig 4B) . These data suggest that the reduced bone mass as a result 237 of inducible AR inactivation is caused by high bone turnover with bone resorption exceeding 238 bone formation. Elevated bone turnover was supported by dynamic histomorphometry data, 239 demonstrating that both pre-pubertal and post-pubertal AR inactivation increased trabecular 240 bone formation rate ( Fig 4C) as a result of increased mineralized apposition rate ( Fig 4D) but 241 unchanged mineralized surface per bone surface ( Fig 4E) . In addition, both pre-pubertal and 242 post-pubertal AR inactivation increased the number of osteoblasts per bone perimeter when 243 evaluated using static histomorphometry in the proximal metaphyseal region of tibia 244 comparing inducible ARKO mice with control mice (Table 2 ). Increased bone turnover was 245 also supported by the finding that both pre-pubertal and post-pubertal AR inactivation 246 increased mRNA levels of the osteoclast specific gene Cathepsin K in cortical bone (Fig 4F) . 247
The mRNA levels of the osteoblast-specific gene Col1a1 were increased by pre-pubertal but 248 not post-pubertal AR inactivation in cortical bone (Fig 4G) . 249 250
Effect of Inducible Androgen Receptor Inactivation on Fat Mass and Thymus 251
Weight 252 M A N U S C R I P T
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We also evaluated the effect of inducible AR inactivation on two other putative AR 253 responsive parameters: fat mass and thymus weight. DXA analyses revealed that fat 254 percentage was substantially increased by pre-pubertal (+43±9%, p<0.01) but not post-255 pubertal (-2±4%, non-significant) AR inactivation (Fig 5A) when comparing inducible 256 ARKO mice with control mice. In a similar manner, pre-pubertal but not post-pubertal AR 257 inactivation increased the weight of dissected retroperitoneal fat (Fig 5B) and elevated serum 258 levels of leptin ( Fig 5C) . It is important to note that AR mRNA levels in white adipose tissue 259 were decreased to a similar extent in pre-pubertal and post-pubertal inducible ARKO mice 260 compared with corresponding control mice (Fig 1E) , excluding inefficient AR inactivation in 261 the post-pubertal group. Total body lean mass, as measured by DXA, was not influenced by 262 inducible AR inactivation (Table 1) . 263
The relative thymus weight was increased both by pre-pubertal (+121±13%, p<0.001) and 264 post-pubertal (+82±8%, p<0.001) AR inactivation (Fig 5D) . 265 266
Comparison of the Tissue Specificity of the Difference between Pre-pubertal and 267
Post-pubertal AR Inactivation 268
In the present study, we demonstrated that pre-pubertal AR inactivation reduced bone mass 269 and the weights of male reproductive tissues while it increased fat mass and relative thymus 270 weight. Overall, pre-pubertal AR inactivation resulted in more severe phenotypes than post-271 pubertal AR-inactivation but it varied substantially between tissues. To illustrate the possible 272 tissue-specificity of the unique role of the AR during the pubertal period, we normalized the 273 effect of post-pubertal AR inactivation to the effect of pre-pubertal AR inactivation. The 274 effect of pre-pubertal AR inactivation was set to 100% and, in Fig 5E , the effects of post-275 pubertal AR inactivation divided by the effect by pre-pubertal AR inactivation on different 276 AR responsive parameters are given in percentage. 100% (=dotted horizontal line) denotes 277 that the effect is not unique for the pubertal period while 0% indicates that AR inactivation 278 during puberty is essential for this effect. The effects of AR inactivation on reproductive 279 tissues (muscle levator ani weight and seminal vesicle weight), relative thymus weight and 280
cortical bone parameters (cortical area and cortical thickness) were essentially independent of 281 AR expression during puberty (all ratios > 60%; Fig 5E) . In contrast, the effects on fat mass 282 parameters required AR inactivation during puberty (all ratios <10%). The effects on 283 trabecular bone volume fraction were intermediately dependent on AR inactivation during 284 puberty (≈ 50%; Fig 5E) . 285
Discussion
286
Testosterone is a crucial regulator of the skeleton in males, as supported by elegant studies 287 using global or tissue specific AR inactivation (6, 11, 15, 17, 24, 30) . However, 288 developmental effects may have confounded the results from these previous studies 289 inactivating the AR already early in life. 290
In the present study we developed an inducible model with either AR inactivation shortly 291 before or after sexual maturation and demonstrated that adult AR expression is crucial for 292 bone mass maintenance while specifically AR expression during puberty is crucial for normal 293 adult fat mass homeostasis. The reduced bone mass by inducible AR inactivation was associated with increased bone 315 turnover with bone resorption most likely exceeding bone formation. This notion was 316 supported by increased adult serum levels of the bone resorption marker C-terminal type I 317 collagen fragments and increased mRNA levels of the osteoclastic gene Cathepsin K in bone 318 after both pre-pubertal and post-pubertal AR inactivation. The augmented bone resorption 319 was accompanied by an increased trabecular bone formation rate as determined by dynamic 320 histomorphometry. Similarly, high bone turnover osteopenia in the trabecular bone has 321 previously been described for some mouse models with lifelong AR inactivation in the 322 osteoblast-lineage (7, 19, 23, 29, 31) . This was suggested to be due to the AR activation in 323 osteoblasts, which is required to reduce the osteoclast-mediated bone resorption in trabecular 324 bone of male mice (1). The reduced cortical bone thickness in mice with adult AR 325 inactivation was a phenocopy of mouse models with lifelong global AR inactivation (1), 326
suggesting that this androgen-dependent action is largely independent of early developmental 327 effects of androgens. This finding is of particular interest as studies using different cell-328 specific AR inactivation models not yet have identified the primary AR target cell for the 329 effects of androgens on cortical bone mass (1, 27). Thus, further studies are clearly warranted 330 to identify the primary AR target cell for the adult effect of androgens on cortical bone mass. 331
Pre-pubertal but not post-pubertal AR inactivation decreased the mechanical strength of the 332 humerus in 14-week-old mice. It is possible that the longer duration of the AR inactivation in 333 the pre-pubertal AR inactivated mice compared with the post-pubertal AR-inactivation may 334 have contributed to this difference. 335
Longitudinal bone growth during sexual maturation in males is dependent on sex steroid 336 actions (1). The finding in the present study that longitudinal bone growth was not affected by 337 pre-pubertal AR inactivation supports previous human and animal studies, demonstrating that 338 longitudinal bone growth during sexual maturation in males mainly is regulated by estrogen 339 acting on estrogen receptor-α (2, 3, 21, 28).
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A previous report demonstrated that replacement of the AR in proliferating osteoblasts of 341 global AR deleted mice partially, but not fully, restored the periosteal circumference at six 342 weeks but not at twelve weeks of age (26). In the present study, no significant reduction of the 343 periosteal circumference at 14 weeks of age was observed by pre-pubertal AR inactivation. 344
However, we cannot exclude that the present study was underpowered to detect a minor effect 345 on cortical periosteal circumference or that a transient effect was present at an earlier time-346 point. 347
The age evaluated for the post-pubertal AR inactivation, 10-14 weeks of age, is an age when 348 the mouse skeleton still is growing slowly (5). Thus, the observed effects on the skeleton in 349 the used mouse model with post-pubertal AR inactivation might not only be on adult bone 350 metabolism but also on skeletal growth. The rather early time point for the post-pubertal AR 351 inactivation was chosen to be able to with a high precision discriminate between the role of 352 the AR during puberty from the role of the AR after puberty. 353
Male mouse models using global lifelong AR inactivation have been described to affect 354 testicular development associated with sex steroid deficiency, confounding the results (4). In 355 contrast, the described phenotypes in the present study, resembling hypogonadism (14), were 356 not confounded by reduced serum androgen levels. Both pre-pubertal and post-pubertal AR 357 inactivation increased serum DHT levels, resulting in significantly increased serum 358 DHT/testosterone ratios as a result of enhanced expression of 5α-reductase type 1 and 5α-359 reductase type 2, the main enzymes involved in the conversion of testosterone into DHT. This 360 finding demonstrates that the synthesis of the potent androgen DHT by 5α-reductase type 1 361 and 2 is subjected to a local negative feedback regulation mediated by the AR. 362
It is previously demonstrated that male mice with global lifelong AR inactivation develop 363 adult obesity associated with elevated serum leptin levels when given high fat diet but not 364 when given regular diet (10). In the present study, pre-pubertal but not post-pubertal AR 365 inactivation resulted in increased fat mass associated with elevated serum leptin levels in male 366 mice on regular diet. Collectively, these findings indicate that AR expression during puberty 367 is crucial for normal fat mass homeostasis in adult male mice. 368
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Pre-pubertal AR inactivation resulted in increased fat mass and reduced cortical and 369 trabecular bone mass and it is well established that osteoblasts and adipocytes may 370 differentiate from the same mesenchymal stem cell (13). Therefore, it is possible that AR 371 inactivation during puberty will result in increased adipocyte differentiation and reduced 372 osteoblast differentiation. However, at 14 weeks of age the number of osteoblasts per 373 trabecular bone perimeter were actually increased in the mice with pre-pubertal AR 374 inactivation, indicating a high bone turnover osteoporosis. A limitation with the present study 375
is that we did not analyze the amount of fat in the bone marrow. 376
As we in the present study inactivated the AR either directly before or shortly after sexual 377 maturation, we could determine the tissue specific role of the AR specifically during sexual 378 maturation in male mice (Fig 5E) . We demonstrated that the effects of AR inactivation on 379 reproductive tissues, relative thymus weight and cortical bone mass parameters were 380 essentially independent of AR expression during puberty (Fig 5E) . In contrast the effects on 381 fat mass parameters required AR inactivation during puberty. The effects on trabecular bone 382 were intermediately dependent on AR inactivation during puberty (Fig 5E) . 383
In conclusion, the AR is required for maintenance of both the trabecular and cortical bone in 384 adult male mice. By comparing pre-pubertal and post-pubertal AR inactivation, we conclude 385 that adult AR expression is crucial for trabecular and cortical bone mass maintenance while 386 pubertal AR expression is crucial for normal fat mass homeostasis in adult male mice. Values are given as means ± SEM. Pre-pubertal = induced AR inactivation at 4 weeks of age. 561
Post-pubertal = induced AR inactivation at 10 weeks of age. Bone parameters were evaluated 562 at 14 weeks of age. BW = body weight. ns = not significant, *p<0.05, **p<0.01, ***p<0.001 563 inducible ARKO vs control (Number of mice: pre-pubertal control = 9, pre-pubertal inducibleM A N U S C R I P T AR inactivation at 10 weeks of age. The mice were evaluated at 14 weeks of age. BW = body 572 weight. ns = not significant, **p<0.01, ***p<0.001 inducible ARKO vs control (Number of 573 mice: pre-pubertal control = 9, pre-pubertal inducible ARKO = 8, post-pubertal control mice 574 = 11, post-pubertal inducible ARKO = 9). 575 (E) To illustrate the possible tissue-specificity of the unique role of the AR during the 576 pubertal period, we normalized the effect of post-pubertal AR inactivation to the effect of pre-577 pubertal AR inactivation. The effect of pre-pubertal AR inactivation was set to 100% and the 578 effect of post-pubertal AR inactivation divided by the effect by pre-pubertal AR inactivation 579 on different AR responsive parameters is given in percentage. 100% (=dotted horizontal line) 580 denotes that the effect is not unique for the pubertal period while 0% indicates that AR 581 inactivation during puberty is essential for this effect. 582 Table 1 Body characteristics   583   584   585 Values are given as means ± SEM. Pre-pubertal = induced AR inactivation at 4 weeks of age. 586
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Post-pubertal = induced AR inactivation at 10 weeks of age. Body characteristics were 587 evaluated at 14 weeks of age. BW = body weight (Number of mice: pre-pubertal control = 9, 588 pre-pubertal inducible ARKO = 8, post-pubertal control mice = 11, post-pubertal inducible 589 ARKO = 9). 590
Pre-pubertal
Post-pubertal 
